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By simultaneously measuring DNA synthesis and
dNTP hydrolysis, we show that T7 DNA polymerase
and T7 gp4 helicase move in sync during leading-
strand synthesis, taking one-nucleotide steps and
hydrolyzing one dNTP per base-pair unwound/
copied. The cooperative catalysis enables the heli-
case and polymerase to move at a uniformly fast
rate without guanine:cytosine (GC) dependency or
idling with futile NTP hydrolysis. We show that the
helicase and polymerase are located close to the
replication fork junction. This architecture enables
the polymerase to use its strand-displacement syn-
thesis to increase the unwinding rate, whereas the
helicase aids this process by translocating along
single-stranded DNA and trapping the unwound
bases. Thus, in contrast to the helicase-only unwind-
ing model, our results suggest a model in which the
helicase and polymerase are moving in one-nucleo-
tide steps, DNA synthesis drives fork unwinding,
and a role of the helicase is to trap the unwound
bases and prevent DNA reannealing.
INTRODUCTION
Replicative helicases are ring-shaped hexameric proteins that
unwind duplex DNA using the energy of nucleotide triphosphate
(NTP) hydrolysis (Patel and Picha, 2000). In addition to DNA
unwinding, replicative helicases play a key role in coordinating
leading- and lagging-strand synthesis by mediating interactions
with the polymerase and primase enzymes (Benkovic et al.,
2001; Hamdan and Richardson, 2009; Indiani et al., 2009; Patel
et al., 2011b). In isolation, replicative helicases are efficient
single-stranded (ss) DNA translocases but slow at unwinding
the duplex DNA relying completely or partly on thermal fraying
of the junction base pair (Donmez et al., 2007; Johnson et al.,
2007; Kim et al., 2002; Lionnet et al., 2007; Ribeck et al.,
2010). However, when the helicase is associated with the repli-
cative polymerase, unwinding occurs at a fast rate (Dong et al.,
1996; Kim et al., 1996; Korhonen et al., 2004; Manosas et al.,Ce2012b; Stano et al., 2005). Similarly, replicative polymerases
rely on helicases to processively copy the duplex DNA (Kang
et al., 2012; Manosas et al., 2012b; Stano et al., 2005). The
mutual dependency between the two enzymes is generally
observed in replicative complexes from various organisms, but
the structural and biochemical basis of the synergy is not fully
understood.
In this paper, we address the central question of how helicase
and polymerase synergistically increase the activities of DNA
unwinding and synthesis during leading-strand synthesis. Using
T7 DNA helicase (T7 gP4) and T7 DNA polymerase as model
replication enzymes, we address several questions essential to
understanding the helicase-polymerase coupling mechanism.
How is the stepping mechanism of the helicase coordinated
with the single-nucleotide stepping mechanism of the DNA poly-
merase during leading-strand synthesis? Where is the polymer-
ase located with respect to the fork junction and the helicase in
the leading-strand complex?What is the role of strand-displace-
ment synthesis activity of the polymerase? There is consensus
that DNA polymerase elongates the primer one base at a time
and therefore translocates with a step size of one nucleotide,
but the chemical step size (base pairs unwound per NTP hydro-
lyzed) of replicative helicases is not known. Therefore, we do not
know how the helicase and polymerase coordinate their step-
ping mechanisms to stay together during leading-strand synthe-
sis. It is known that the physical coupling between T7 gp4 and T7
DNA polymerase is essential for processive DNA synthesis
(Kulczyk et al., 2012; Zhang et al., 2011). However, there are
no structures of leading-strand complexes; therefore, we lack
basic information such as where the helicase and polymerase
are located in relation to the fork junction and whether the poly-
merase is directly or indirectly involved in increasing the unwind-
ing rate. Mostmodels assume that the helicase unwinds the DNA
and the polymerase trails many nucleotides behind the helicase
(Kulczyk et al., 2012; Liu et al., 2013) preventing helicase’s back-
ward slips by DNA synthesis (Delagoutte and von Hippel, 2001;
Stano et al., 2005). However, recent studies of T4 replication en-
zymes suggested that the polymerase might be actively involved
in unwinding and helicase prevents fork regression and back-
ward translocations of the polymerase (Manosas et al., 2012a,
2012b).
Crystal structures of hexameric E. coli Rho helicase (with
ssRNA and ATP analog) and papilloma virus replicative helicasell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authors 1129
E1 (with ssDNA and ADP) revealed that each subunit of the ring
engages one nucleotide of nucleic acid and binds to one NTP,
which suggests one nucleotide per NTP step size (Enemark
and Joshua-Tor, 2006; Thomsen and Berger, 2009), but a recent
crystal structure of replicative DnaB helicase of E. coli shows two
nucleotides of ssDNA bound per subunit suggesting two nucle-
otide per NTP step size (Itsathitphaisarn et al., 2012). Ensemble
unwinding studies have measured the kinetic step size of T7 gp4
helicase as 10 bp and that of DnaB helicase as 1.4 bp (Galletto
et al., 2004; Jeong et al., 2004). The variation in kinetic step
size may arise from various reasons, including heterogeneity in
the reaction rates, helicase slippage, and different oligomeric
forms (Lohman et al., 2008; Patel and Donmez, 2006). The kinetic
step size estimates the number of base pair unwound between
successive rate limiting steps and is not equivalent to the
chemical step size, which estimates the number of base pairs
unwound per NTP hydrolyzed. To understand the coupling be-
tween polymerase and helicase stepping, we set out to deter-
mine the chemical step size of the helicase in the context of
the replication complex, which has not been determined for
replicative helicases.
Most studies determine the chemical step size from the ratio of
basepair unwinding andNTPhydrolysis rates, but the challenge is
makingsure that the two ratesaremeasuredunder theexactsame
conditions. Typically, to prevent DNA reannealing during unwind-
ing, DNA concentrations are kept low (1–5 nM). However, under
low DNA concentrations, NTP hydrolysis rate is not accurately
measured because of the small signal. Thus, when the two activ-
ities are measured separately using different DNA and helicase
concentrations, there is a possibility that the active enzyme con-
centration is not the same in the two assays, and the ratio is not
an accurate measure of the chemical step size. This explains the
variation in the reported chemical step size from one to four
base pairs per NTP (Donmez and Patel, 2008; Kim et al., 2002).
We have overcome these limitations by developing a one-pot
assay that quantifies base-paired DNA separation and NTP
hydrolysis in a single reaction mixture, which has not been
achieved before. We applied this method to determine the
chemical step size of the replicative helicase in complex with
the polymerase using T7 gp4 and T7 DNA polymerase enzymes.
The results show that for every base pair unwound and synthe-
sized by the helicase-polymerase there is one dNTP hydrolyzed.
Therefore, the chemical step sizes of DNA synthesis and un-
winding are perfectly coordinated during leading-strand replica-
tion allowing the helicase and polymerase to move in sync. We
show that together the helicase and polymerase unwind copy
the duplex DNA at a uniformly fast rate without guanine:cytosine
(GC) dependency or idling with futile NTP hydrolysis. To under-
stand the structural basis of cooperativity between the helicase
and polymerase, we mapped their locations at the replication
fork with respect to the fork junction. In contrast to existing
models, we find that helicase and polymerase are juxtaposed
close to the fork junction, and in this configuration, the polymer-
ase can unwind the junction base pair during leading-strand
synthesis by strand-displacement synthesis. Our results sup-
port the model of leading-strand synthesis, in which the helicase
and polymerase enzymes are tracking close to the junction base
pair and DNA synthesis is driving fork unwinding and the1130 Cell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authorshelicase is trapping the unwound bases and preventing DNA
reannealing.
RESULTS
One-Nucleotide Chemical Step Size of the Helicase and
Polymerase
To determine the chemical step size of unwinding during leading-
strand synthesis, we designed a one-pot assay that determined
howmany base pairs of DNA are unwound per dNTP hydrolyzed
by the helicase. Because processive strand-displacement DNA
synthesis by T7 DNA polymerase is dependent on the activity
of T7 gp4 helicase (Stano et al., 2005), the rate of dNMP incorpo-
ration provides an accurate measure of the base-paired unwind-
ing rate of the helicase (Pandey et al., 2009, 2010). A major
advantage of using DNA synthesis to measure unwinding is that
the unwound strands cannot reanneal with DNA synthesis occur-
ring simultaneously. Therefore, high DNA concentrations can be
used, which allows accurate measurement of the dNTP hydroly-
sis kinetics. An important criterion for accurate determination of
the chemical step size is to make sure that dNTP hydrolysis
and dNMP incorporation are measured simultaneously. This
avoids uncertainties due to imprecise knowledge of active
enzyme complex concentration. The one-pot assay we devel-
oped uses [a32P] dNTPs to monitor both DNA synthesis and
dNTP hydrolysis activities in a single reaction mix (Figure 1A).
DNA synthesis is quantified from incorporation of radiolabeled
dNMPs in the primer and dNTPase kinetics from radiolabeled
dNDP production. If the reaction produces equimolar amounts
of dNDPs as the dNMPs incorporated into DNA, it will indicate
an average chemical step size of one nucleotide, whereas a 1:2
ratio of dNDP:dNMP will indicate a step size of two nucleotides.
T7 gp4 and T7 DNA polymerase were preassembled on the
60-bp-long replication fork (100% AT rich, Figure 1A; Table S1)
in the presence of dTTP and dATP without Mg2+. The reactions
were initiated with Mg2+ in a rapid quenching instrument and
stopped after milliseconds to second time intervals before the
entire 60 bp double-stranded (ds) DNA region is unwound and
copied. The 100% AT-rich fork requires only dATP and dTTP;
therefore, all the substrates and products could be resolved on
a single polyethyleneimine thin-layer chromatography (TLC)
plate. The highly charged DNA stays close to the origin, whereas
the dNDPs and dNTPs migrate higher and are resolved (Fig-
ure 1B). The reactions were spiked with [a32P] dTTP and [a32P]
dATP to quantify the molar amounts of dNTP hydrolyzed and
DNA synthesized. The DNA synthesis rate was also determined
independently by resolving the products on a sequencing gel
(Figure 1C). After subtracting the background hydrolysis in the
absence of Mg2+ (Supplemental Information), the molar ratio of
dNDPs produced to dNMP incorporated into DNA is obtained
(Figure 1D). The results from two independent kinetic experi-
ments show that T7 gp4 and T7 DNA polymerase produce the
same amount of dNDPs from dNTP hydrolysis as dNMPs incor-
porated into the DNA (Figures 1D and S1B). This indicates that
for every dNTP hydrolysis by the helicase, there is one base-
paired unwound synthesized. Because the polymerase incorpo-
rates dNMPs one base at a time, the coupling ratio of one
indicates that the average chemical step size of the helicase is
Figure 1. Chemical Step Size of Unwinding during Leading-Strand
DNA Synthesis
(A) One-pot step size assay to measure the base pairs unwound and synthe-
sized per dNTP hydrolyzed. T7 gp4 and T7 DNA polymerase bound to 60 bp
replication fork (2 mM each) with dTTP and dATP (0.2 mM each) spiked with
[a32P] dTTP and [a32P]dATP were reacted with MgCl2 from milliseconds to
seconds at 18C.
(B) Representative thin-layer chromatography (TLC) shows the separation of
dTTP and dATP from corresponding dNDPs and DNA (at the origin) generated
at increasing time on the 100% AT-rich replication fork. The TLC analysis
enables simultaneous measurement of the kinetics of dNTP hydrolysis and
DNA synthesis.
(C) High-resolution sequencing gel shows the kinetics of leading-strand DNA
synthesis on the 100% AT-rich fork DNA with the top panel showing total
radioactivity in each lane.
(D) Kinetics of total dNMPs incorporated into the 100% AT-rich fork DNA from
the gel-based and TLC assays are plotted with the kinetics of total dNDPs
produced by the helicase.
(E) Kinetics of total dNMPs incorporated into the 50% GC-rich fork DNA and
corresponding total dNDPs produced.
(F) Fraction of individual dNTP hydrolyzed in 100% AT-rich experiment be-
tween 0.9 and 4 s of reaction.
(G) Fraction of individual dNTP hydrolyzed in 50% GC-rich fork experiment
between 0.9 and 5 s of reaction. Errors are ±SEM.
See also Figure S1 and Table S1.also one nucleotide. Thus, our results show that the polymerase
and helicase are moving together taking one-nucleotide steps
during leading-strand synthesis.CeOne-Nucleotide Chemical Step Size Is Maintained with
the 50% GC-Rich DNA
To determine how the increased GC content in the DNA affects
the chemical step size and the synchronous movement, we
measured DNA synthesis and dNTP hydrolysis on the 50%
GC-rich replication fork (Figure 1E). These experiments require
all four dNTPs that also needed to be resolved from the corre-
sponding dNDPs. Therefore, we carried out the reaction in two
parts. In one experiment, the reactions were spiked with
[a32P]-labeled dATP and dTTP, and, in another, the reactions
were spiked with [a32P]-labeled dGTP and dCTP. The kinetics
of total dNTP hydrolysis was determined from the two TLC ana-
lyses and compared to the kinetics of total dNMPs incorporated
in the same time (Figures 1E and S1C). The time courses of dNTP
hydrolysis and dNMP incorporation overlay quite well indicating
that the chemical step size is one nucleotide, irrespective of the
GC content. Thus, our results show that T7 gp4 does not slip or
idle with dNTP hydrolysis when it is coupled with T7 DNA
polymerase.
Fuel Preference of the Helicase
It is known that dTTP is the preferred substrate of T7 gp4 that
supports efficient translocation and unwinding (Matson and
Richardson, 1983; Sun et al., 2011). However, it is not known
whether T7 gp4 maintains the same substrate specificity when
it is working with T7 DNA polymerase. Our one-pot assay mon-
itors the hydrolysis kinetics of individual dNTPs; therefore, it is
an ideal set-up to determine the nucleotide preference of T7
gp4 during leading-strand synthesis (also see Supplemental
Information). Analysis of each dNTP hydrolysis on both 100%
AT-rich and 50% GC-rich fork experiments shows that dTTP is
the preferred fuel of T7 gp4 (Figures 1F, 1G, S1D, and S1E). T7
gp4 also uses dATP but the dTTP:dATP utilization ratio is 2:1.
The nucleotide dGTP is used less frequently and dCTP is not
used at all. These results indicate that the dTTP usage specificity
of T7 gp4 is the samewhether it is translocating on its own or with
T7 DNA polymerase in the leading-strand complex.
Uniform Leading-Strand DNA Synthesis Rate across the
Spectrum of GC Content
We have shown earlier that the unwinding rate of the isolated T7
gp4 helicase decreases from 56 bp/s to 7.6 bp/s with
increasing GC content (Donmez and Patel, 2008). Whether the
unwinding-synthesis rates of helicase polymerase are affected
by increasing GC content was not fully investigated (Pandey
et al., 2009). To determine the GC dependency, we measured
the DNA synthesis rates on a series of replication forks (5, 20,
35, 50, 65, 80% GC content). The experiments were carried
out by preincubating T7 gp4 and T7 DNA polymerase on the
primer-labeled 40 bp replication fork with dTTPminusMg2+ (Fig-
ure 2A) to synchronize the reactions, and then measuring the
transient-state kinetics of primer elongation after addition of
Mg2+ (also see Supplemental Information). The formation and
decay of each DNA of increasing length with time was globally
fit into the polymerization model (Pandey et al., 2009, 2010) to
obtain the DNA synthesis rates (Figure S2).
The analysis shows that the AT-rich replication forks are un-
wound and copied at an average rate of 90–100 nt/s whereasll Reports 6, 1129–1138, March 27, 2014 ª2014 The Authors 1131
Figure 3. Exonuclease Mapping for Helicase Location on the
Replication Fork with the Polymerase
(A) Cartoons show three general models of helicase-polymerase coupling
within the leading-strand complex. The polymerase-trailing model shows the
helicase close to the fork junction and the DNA polymerase trailing behind the
helicase separated by a gap of ssDNA (in red) from the fork junction. Helicase-
trailing model shows the polymerase close to the fork junction and the helicase
trailing behind separated by a gap of ssDNA (in red). The proximity model
shows that the DNA polymerase and helicase are both juxtaposed close to the
fork junction.
(B) Sequencing gel (bottom) shows the 30 to 50 exonuclease digestion of the
5%GC40 dsFP fork (top) with its top strand labeled at the 50 end with 32Pi. The
fork junction is designated as ‘‘0,’’ and downstream bases are labeled ‘‘+1’’
onward. The middle panel shows peak analysis of the Hel-Pol lane. The ‘‘mm’’
distance is from the uncut DNA (75-mer or +40 position).
See also Figure S3 and Table S1.
Figure 2. Polymerase Stimulates the Leading-Strand Synthesis Rate
across the Spectrum of GC Content in the Replication Fork
(A) T7 DNA polymerase and T7 gp4 (125 nM each) were preassembled on
primer-labeled fork DNA (100 nM) with 0.5 mM dTTP, and the reactions were
initiated with MgCl2 and 0.1 mM for the rest of the dNTPs and quenched after
millisecond time intervals. The DNA products were resolved on sequencing
gels (Figure S2), and single-nucleotide incorporation rates and errors were
determined by fitting the data to the polymerization model.
(B) The average rate of DNA synthesis by the helicase-polymerase on forks
with different GC content is compared with the base-pair unwinding rates of
the helicase on forks of the same sequence (Donmez and Patel, 2008).
(C) The ratio of the DNA synthesis rate and helicase unwinding rate shows that
the polymerase stimulates the unwinding rate to different extents depending
on the GC content. Errors are ±SEM.
See also Figure S2 and Table S1.the GC-rich forks are unwound and copied at 70–80 nt/s (Fig-
ure 2B). This is only a 25% drop in rate, in contrast to nearly
10-fold drop in unwinding rate with helicase alone. Interestingly,
T7 DNA polymerase accelerates the unwinding rate to different
extents across the GC content; the acceleration is about 2-fold
on low GC and about 9-fold on high GC forks (Figure 2C). As a
result of this differential rate enhancement, the final leading-
strand synthesis rate becomes almost independent of the GC
content. Taken together, the results indicate that the helicase
and polymerase enzymes are moving together at a nearly uni-
form rate through DNA of different GC content.
Architecture of the Helicase and Polymerase at the
Replication Fork
T7DNApolymerase and T7 gp4 are bound to opposite strands of
the replication fork but are physically coupled through specific
interactions between the C-terminal tail of T7 gp4 and a front
basic patch on the polymerase (Figure S6) that are important
for maintaining processivity (Kulczyk et al., 2012; Liu et al.,
2013). How the two enzymes are positioned at the replication
fork with respect to the junction base pair is not known. There
are three ways to physically couple the helicase and polymerase
at the replication fork (Figure 3A): (1) polymerase is behind the
helicase (‘‘polymerase-trailing’’ model), (2) helicase is behind
the polymerase (‘‘helicase-trailing’’ model), and (3) helicase
and polymerase are both close to the fork junction (‘‘proximity’’1132 Cell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authorsmodel). In the polymerase-trailing model, the helicase is juxta-
posed close to the fork junction, and the polymerase is trailing
behind the helicase separated from the fork junction by a gap
of ssDNA. According to this model, only the helicase is unwind-
ing the DNA, and the trailing DNA polymerase can increase the
unwinding rate by preventing backward slippages of the heli-
case. In the helicase-trailing model, the polymerase is close to
the fork junction and the helicase is trailing behind separated
by some bases from the fork junction. According to this model,
the polymerase is unwinding the DNA and the helicase is
Figure 4. Mapping the Polymerase Location during Leading-Strand
Synthesis Using Interstrand Transplatin Crosslinked Fork DNA
(A) DNA sequence of the fork with interstrand transplatin crosslink at the 17th
GC base pair from the fork junction.
(B) Sequencing gels show the kinetics of primer extension on unmodified (left)
and transplatin crosslinked fork (right). Reactions were carried out at 18C
using 150 nM T7 gp4, T7 DNA polymerase, 100 nM fork, 1 mM dNTPs each,
and 4 mM MgCl2.
(C) Overlaying kinetics of DNA synthesis on unmodified and transplatin
crosslinked fork DNA from the gels in (B).
(D) Peak analysis of primer extension reactions on unmodified (left) and
crosslinked fork (right) at 0.08, 0.3, and 1 s from the gels in (B).
See also Figure S4 and Table S1.preventing back slippages of the polymerase. In the proximity
model, both helicase and polymerase are close to the fork junc-
tion. In this configuration, the polymerase and helicase can
jointly unwind the junction base pair, trap unwound bases, and
prevent each other’s backward slippages. Distinguishing be-
tween these models will provide structural insights for under-
standing the synergy between the helicase and polymerase.
We therefore designed several experiments to determine the
relative positions of the helicase and polymerase with respect
to fork junction within the leading-stand complex.
Mapping the Helicase Position at the Replication Fork
Junction
We used exonuclease III + exonuclease T digestion to map the
downstream boundary of T7 gp4 helicase in the leading-strand
complex with T7 DNA polymerase. Exo III digests one strandCeof the duplex DNA stepwise in the 30 to 50 direction and exo T
digests ssDNA in the same direction. Thus, combination of the
two exonucleases of predetermined concentration (Figure S3A)
enabled us to map the helicase position at the junction of duplex
and ssDNA region on the replication fork. T7 gp4 and T7 DNA
polymerase were assembled on the replication fork in the pres-
ence of a nonhydrolyzable dTTP analog, dTMPPCP, and sub-
jected to exonuclease digestion. The helicase and polymerase
position were mapped by labeling the lagging and leading
strands, respectively (Figure S3B). If the downstream boundary
of the helicase is at the fork junction, then the digestion products
will be around 36 nt long, and, if the helicase is trailing behind the
polymerase, then the digestion products will be shorter. The
digestion patterns of the lagging strand with helicase alone
and helicase-polymerase are similar with a prominent 38 nt cen-
tral band, which indicates that the downstream boundary of the
helicase is at fork junction (position +1, Figure 3B). The mapping
of the leading strand shows that the polymerase is bound to the
primer-template junction under these conditions (Figure S3B).
Replication forks without helicase and polymerase and with
polymerase only are completely digested in the same time of
exonuclease treatment. These results indicate that the leading
edge of the helicase is close to the fork junction both in the
absence and in the presence of the polymerase, which rules
out the ‘‘helicase-trailing’’ model.
Location of the Polymerase at the Replication Fork
Junction
We designed two experiments to determine the precise location
of the T7 DNA polymerase relative to the fork junction in a strand-
displacing complex with the helicase. In one experiment, we
introduced a transplatin interstrand crosslink at the 17th position
from the fork junction in the duplex DNA (Figures 4A and S4).
Transplatin crosslinks GC base pair without major DNA struc-
tural distortion; hence, it is a good choice to monitor the move-
ments of the helicase-polymerase (Paquet et al., 1999). The
interstrand DNA crosslink will stall the actively unwinding heli-
case, and at this point we can determine the precise location
of the polymerase by measuring primer extension in millisecond
timescale and with single-nucleotide resolution. If the polymer-
ase is trailing behind the helicase, then primer extension will
stop/pause many nucleotides before the 17th crosslinked base
pair (polymerase trailing Figure 3A). If the polymerase is traveling
close to the fork junction, then primer extension will stop before
the crosslinked base pair (proximity model, Figure 3A).
Our results show that primer extension stops at the 16th base,
just before the crosslink (Figure 4B). Except for some pausing
observed, one and two nucleotides before the crosslink, there
is no pausing at any of the earlier positions that would indicate
that the polymerase is trailing behind the helicase or pushing
the helicase out of the way (Figures 4B and 4D). The lack of slow-
ing or pausing was confirmed by quantifying the primer exten-
sion rate on crosslinked and unmodified forks, which shows
that leading-strand synthesis rate proceeds at the same rate
on both forks up to the 16th nucleotide when the crosslink
arrests DNA synthesis (Figure 4C). These results indicate that
T7 DNA polymerase within the strand-displacing helicase-
polymerase complex is tracking close to the fork junction. Well Reports 6, 1129–1138, March 27, 2014 ª2014 The Authors 1133
Figure 5. Kinetics of Polymerase Walking toward a Stalled Helicase
at the Fork Junction
(A) The fork DNA was designed with 16 nt ssDNA gap between the primer end
and the fork junction. T7 gp4 and T7 DNA polymerase (150 nM each) were
preincubated on the replication fork (100 nM) with dTMPPCP (100 mM), the
nonhydrolyzable analog of dTTP, and reactions were initiated with 1 mM
dNTPs at 18C. In the cartoon, we show no interactions between helicase
polymerase, but the two may interact by looping out the single-stranded
template in the gap. In another experiment, helicase was left out.
(B) Sequencing gels show the primer extension kinetics on helicase-stalled
fork (left) and without helicase (right). The arrows show the position of the
junction base pair on the fork.
(C) Peak analysis of gels in (B) at 0.4 s of reaction on helicase-stalled fork (left)
and without helicase (right).
(D) The single-nucleotide incorporation rates on helicase-stalled fork (green
bar) and without helicase (purple bar) are compared up to the fork junction.
Errors are ±SEM. See also Table S1.observe this also with exo+ T7 DNA polymerase (Figure S4).
These results indicate that the polymerase is tracking close to
the fork junction and hence consistent with the ‘‘proximity’’
model.
In the second type of mapping experiment, T7 gp4 was stalled
at the fork junction with the nonhydrolyzable dTTP analog,
dTMPPCP. T7 gp4 does not translocate in the presence of
dTMPPCP and binds DNA with nM Kd and lifetime of hours (Hin-
gorani and Patel, 1996; Kim et al., 2002; Sun et al., 2011). The
polymerase was then walked toward the stalled helicase by1134 Cell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authorsprimer extension that was initiated 16 nucleotides upstream of
the fork junction (Figure 5A). The polymerase copies the ssDNA
gap within milliseconds and stalls at the 16th position, just one
nucleotide before the fork junction (Figures 5B and 5C, left
panels). Similar to the transplatin crosslink, there is a slight accu-
mulation of product one to two nucleotides before the fork
junction, but this is observed with and without the helicase (Fig-
ure 5C). Thus, it appears that the polymerase is sensing the
duplex DNA approximately two nucleotides before the fork junc-
tion. Quantifying the kinetics of each nucleotide addition up to
the fork junction shows that polymerase copies the ssDNA gap
all the way to the fork junction with an average rate of 264 ±
48 nt/s without helicase and 213 ± 53 nt/s with helicase, which
indicates that the helicase presence at the fork junction does
not hamper the polymerase from reaching the junction (Fig-
ure 5D). Interestingly, without helicase, the polymerase con-
tinues to catalyze strand-displacement synthesis approximately
six nucleotides beyond the fork junction (Figure 5B, right panel).
However, with the helicase, the polymerase goes only approxi-
mately three nucleotides beyond the fork junction (Figure 5B,
left panel), which indicates that coupling between the helicase
and polymerase stops DNA synthesis closer to the fork junction.
Collectively, the two mapping experiments rule out the polymer-
ase-trailing model and indicate that the helicase and polymerase
are close together at the junction as in the proximity model.
Role of Polymerase in DNA Unwinding
The proximity of the polymerase to the fork junction raises the
possibility that the polymerase can also unwind the DNA during
leading-strand synthesis through its strand-displacement syn-
thesis activity, which would explain the increase in unwinding
rate with the polymerase. It is known that T7 DNA polymerase
can catalyze strand-displacement synthesis on its own with a
low processivity (Stano et al., 2005), and the processivity is
increased in the presence of E. coli single-strand binding (SSB)
protein (Nakai and Richardson, 1988). What is not known is if
the strand-displacement activity of the polymerase itself is fast
enough to support leading-strand synthesis. To address this
question, we measured the rate of strand-displacement synthe-
sis rate using transient-state kinetic experiments. T7 DNA poly-
merase was preassembled on a 50% GC-rich replication fork
substrate, and the progressive primer elongation reaction was
measured in the millisecond timescale with and without E. coli
SSB (Figure 6A). We chose E. coli SSB because of its high affinity
for ssDNA as compared to T7 single-strand binding protein
gp2.5 (Rezende et al., 2002). Also, unlike gp2.5, there are no
known interactions of E. coli SSB with T7 DNA polymerase. In
the absence of SSB, T7 DNA polymerase strand displaces and
copies only five base pairs of duplex DNA (5% GC40 ds fork).
Adding a protein trap did not change the kinetics of strand-
displacement synthesis indicating that the reason for limited
strand displacement by the polymerase is not due to its dissoci-
ation from the DNA (Figure S5). The first two junction base pairs
are copied with an average rate of 141 ± 24 nt/s, and the remain-
ing are copied at a slower rate (Figure 6B, blue bars). With SSB,
the polymerase copies the entire duplex with an average rate of
145 ± 46 nt/s (Figure 6B, yellow bar), which is faster than the
leading-strand synthesis rate with the helicase (114 ± 25 nt/s)
Figure 6. Kinetics of Strand-Displacement Synthesis by the Poly-
merase
(A) Representative sequencing gels show the kinetics of strand-displacement
synthesis by T7 DNA polymerase alone (left panel) and polymerase with E. coli
SSB (right panel) at 18C. The 50% GC-rich fork (100 nM) was preincubated
with the polymerase (100 nM), and reactions were initiated with dNTPs (1 mM)
with and without SSB (1 mM).
(B) The single-nucleotide incorporation rates of T7 DNA polymerase (blue bar)
across the duplex region are compared with rates of polymerase+SSB
(yellow bar) and polymerase+helicase (green bar) (Pandey et al., 2009). Errors
are ±SEM.
See also Figure S5 and Table S1.(Pandey et al., 2009) (Figure 6B, green bar). These results
demonstrate that the polymerase on its own can unwind the
duplex DNA at a fast rate through strand-displacement DNA syn-
thesis (Figures 6B and S5), but it needs SSB to trap the displaced
strand consistent with the idea that fork reannealing limits the
strand-displacement synthesis activity of the polymerase (Man-
osas et al., 2012a). The results suggest that helicase may act in a
similar way, that is, trap the unwound bases through its ability to
bind tightly to ssDNA. Being a motor that is physically coupled to
the polymerase, the helicase can track with the polymerase and
locally trap the bases in a stepwise manner. In this manner, the
helicase can also modulate the strand-displacement activity of
the polymerase.
DISCUSSION
The results of our study provide further insights into the mecha-
nism of synergistic unwinding and DNA synthesis by the heli-
case and polymerase during leading-strand synthesis. By
tracking the polymerase’s movement through DNA synthesis
and helicase’s movement through its dNTPase activity, weCedemonstrate that the two motors are moving in sync at the repli-
cation fork and pulling the two strands of the fork DNA at the
same rate. The one-to-one correspondence between the ki-
netics of dNTP hydrolysis and dNMP incorporation shows that
T7 gp4 helicase and polymerase are moving in steps of one
nucleotide. The single-molecule studies of T7 helicase also pro-
vide evidence for stepping behavior of T7 helicase consistent
with 1:1 coupling between stepping and hydrolysis (Syed
et al., 2014, in this issue of Cell Reports). The single-base-pair
chemical step size is consistent with the crystal structures of
the hexameric helicases E1 and Rho, where each subunit spans
one nucleotide of DNA or RNA and binds one ATP (Enemark and
Joshua-Tor, 2006; Thomsen and Berger, 2009). The one-nucle-
otide step size is an emerging theme in helicases, and one can
imagine that one advantage of single-base-pair unwinding
step size would be speed, in that it would allow the enzymes
to capitalize on thermal breathing fluctuations of the junction
base pair (Jose et al., 2012) for fast fork movement. Our results
also indicate that when coupled with T7 DNA polymerase, the
helicase does not slip or idle with dNTP hydrolysis. Interestingly,
the single-molecule studies are suggesting that the isolated T7
helicase has backward movements but only at low dTTP con-
centrations (Syed et al., 2014).
T7 DNA polymerase and T7 gp4 are physically coupled during
leading-strand synthesis, and this coupling is important for
maintaining high processivity (Kulczyk et al., 2012; Zhang
et al., 2011). However, in the absence of synchronous stepping,
one motor can outrun the other creating ssDNA loop between
the helicase, polymerase, and fork junction. It is known that T7
gp4 unwinds the DNA past the stalled polymerase, albeit at
slow rates (Patel et al., 2011a). This indicates that, when the
polymerase is stalled, there will be an ssDNA loop between
the polymerase and the fork junction, which has been proposed
as a signal to recruit DNA repair proteins at the replication fork
(Byun et al., 2005). Interestingly, the polymerase does not go
very far past the stalled helicase (Figure 5B, left panel). This in-
dicates some scrunching but no extensive ssDNA loop or gap
created between the stalled helicase and fork junction. This
probably has biological significance such as preventing aber-
rant DNA synthesis.
Most models in the literature position the helicase close to the
replication fork junction and the polymerase many nucleotides
behind the helicase (polymerase-trailing model) (Kulczyk et al.,
2012; Liu et al., 2013). Although the models do not clearly define
the separation, the polymerase could be more than ten nucleo-
tides behind the fork junction, but there is no evidence for this
configuration. Our exonuclease mapping experiments show
that the helicase is positioned at the fork junction in the lead-
ing-strand complex with the polymerase (Figures 3 and S3).
Similarly, using transplatin interstrand DNA crosslink, we show
that the polymerase synthesizes DNA right up to the crosslink
(Figure 4). Some pausing was observed 1–2 nt before the
fork junction, which might indicate that the polymerase needs
1–2 nt of ssDNA ahead. Collectively our results indicate that
the helicase and polymerase are proximal during normal replica-
tion (proximity model, Figure 3A). However, there could be flex-
ibility in the physical coupling; that is, the two may interact by
looping out the ssDNA gap or when the helicase or polymerasell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authors 1135
Figure 7. Model of Leading-Strand DNA Synthesis
The helicase and polymerase are juxtaposed close to the fork junction in the
leading-strand complex interacting with each other via the basic patch at the
front edge of the polymerase and the acidic C-terminal end of T7 gp4 (Kulczyk
et al., 2012; Zhang et al., 2011). We propose that in a single cycle of dNMP
addition by the polymerase, the helicase hydrolyzes one dNTP. The junction
base pair is unpaired as dNTP binds and the polymerase pulls in the template
base n (in blue) and flips the next base n+1 (in red). The helicase captures the
unpaired base (in red) as its leading subunit (E-state) transitions into the dNTP
bound T* state. At the same time, a series of reactions around the gp4
ring result in dNTP tightening (T*/ T), dNTP hydrolysis (T/ DP), Pi release
(DP/D), dNDP release (D/E) at the rest of the subunits to release a nucle-
otide base at the trailing end of the helicase (D-state, light blue subunit).
Asterisk represents weak binding (Patel et al., 2011b). See also Figure S6.encounters a problem along the way; ssDNA loop is created to
enable one to move past the other.
Having the polymerase and helicase tracking close to the
junction base pair during normal replication provides an elegant
mechanism for synergistic unwinding and DNA synthesis, now
observed in many systems (Dong et al., 1996; Kim et al.,
1996; Manosas et al., 2012b; Patel et al., 2011b; Stano et al.,
2005). Previous models assumed that the helicase is primarily
responsible for unwinding the fork junction and the polymerase
increases the unwinding rate by trapping the unwound bases by
DNA synthesis (Stano et al., 2005). The data presented in this
paper indicate otherwise. We show that T7 DNA polymerase
on its own can unwind the fork junction at a fast rate, but, in
the absence of the helicase, DNA synthesis is limited to a few
base pairs. Single-molecule studies of T4 polymerase showed
that the main cause for limited strand-displacement synthesis
activity of the polymerase is fork regression (Manosas et al.,
2012a). This is consistent with our results that show that
E. coli SSB with its ability to simply bind the ssDNA without un-
winding (Meyer and Laine, 1990) supports fast and processive
DNA synthesis by T7 DNA polymerase (Figure 6). Stimulation
of strand-displacement activity of polymerase by SSB has
been observed in other systems (Cha and Alberts, 1989; Soen-
gas et al., 1995; Yuan and McHenry, 2009). Interestingly, the
strand-displacement rate of T7 DNA polymerase with SSB is
1.3 times faster than the leading-strand synthesis rate with T7
gp4 helicase. One might ask why replicative complexes need
a helicase motor to trap ssDNA, when SSB can serve this
function. Replicative helicases mediate key interactions with
the leading- and lagging-strand polymerases and the primase1136 Cell Reports 6, 1129–1138, March 27, 2014 ª2014 The Authorsenzyme, which is critical for coordinating the synthesis of the
two strands. In addition, as a motor that is physically coupled
to the polymerase, the helicase can locally trap the bases in a
stepwise manner and modulate the strand-displacement activ-
ity of the polymerase to control the rate of leading-strand syn-
thesis (Pandey et al., 2009).
What is the mechanism of DNA unwinding by the replicative
DNA polymerase? It is clear that DNA synthesis is required to
stimulate unwinding, which means that somehow nucleotide
addition and translocation are coupled to base-pair unwinding.
Crystal structures of DNA polymerases consistently show a
sharp kink in the DNA template between the templating n base
and the next n+1 base (Figure S6) (Doublie´ et al., 1998). As a
consequence of template DNA kinking, the n+1 base is unpaired
and flipped out. This must occur after each cycle of dNMP addi-
tion and PPi release, when the polymerase transitions from the
pretranslocated state to the posttranslocated state. During this
process, as shown in Figure 7, the n base occupies the templat-
ing position in the active site of the polymerase, and the n+1 base
is flipped from the neighboring. Thus, pretranslocation-to-post-
translocation transition and DNA kinking can provide a specific
mechanism for unwinding the junction base pair. There is
biochemical and structural evidence that RNA polymerases uti-
lize such a mechanism to unwind the DNA one base pair ahead
of the 30 end of the primer (Kashkina et al., 2007; Yin and Steitz,
2002, 2004). Unlike RNApolymerases, however, most replicative
polymerases lack a mechanism to prevent reannealing of the
unwound bases, a role fulfilled by the associated helicase that
traps the complementary bases by translocating on the lagging
strand. We propose that replisomes of bacteria, mitochondria,
and phages where the helicase and polymerase are bound to
opposite strands of the replication fork use this general mecha-
nism to couple DNA unwinding to DNA synthesis (Dong et al.,
1996; Korhonen et al., 2004; Manosas et al., 2012b; Patel et al.,
2011b; Stano et al., 2005). However, eukaryotic replicative heli-
cases such as MCM (mini chromosome maintenance) that un-
wind DNA in the 30–50 direction are expected to bind to the
same strand as the polymerase and work in a different manner.EXPERIMENTAL PROCEDURES
One-Pot Assay to Measure the Chemical Step Size during Leading-
Strand Synthesis
T7 gp4 (gp4A0 with M64L mutation to prevent translation of gp4B) and T7 gp5
(exo-) proteins were purified as described (Patel et al., 1991, 1992). The 60 bp
replication fork was assembled by annealing three complementary DNAs
(Table S1; Supplemental Experimental Procedures). T7 gp4 and T7 DNA poly-
merase (2 mM each final) were preassembled on the 100% AT-rich 60 bp repli-
cation fork with dTTP and dATP (0.2 mM each, final) spiked with [a32P] dTTP
and [a32P] dATP in the replication buffer (50 mM Tris Cl [pH 7.6], 40 mM
NaCl, 1 mM DTT, and 10% glycerol). The reactions were initiated with MgCl2
at 18C using RQF-3 Rapid Quench-Flow Instrument (KinTek Corporation)
and stopped after ms to s with formic acid (4 M). Similar experiments with
the 50% GC fork were performed with 0.2 mM each of all four dNTPs in two
parts, one with radiolabeled dTTP and dATP and another with radiolabeled
dGTP and dCTP. Radiolabeled dNTPs and dNDPs were resolved from each
other and the nascent radiolabeled DNA on PEI-Cellulose F thin-layer chroma-
tography (TLC) plate developed in 0.50.6 M potassium phosphate buffer
(pH 3.4). The neutralized reactions were also applied to a high-resolution poly-
acrylamide/7 M urea/1.5 3 TBE sequencing gel. The TLCs and gels were
exposed to the phosphorimager screens and scanned, and the products were
quantitated using the ImageQuant software. A control experiment was carried
out without MgCl2 to correct for background dNTP hydrolysis. Total dNDPs
and dNMPs added in DNA were determined from the following equations:
total ½dNDPs mM= ðcountsðdNDPsÞ  400 mMÞ=
countsðdNDPs+dNTPs+DÞ
(Equation 1)
and
total ½dNMPs in DNA mM= ðcountsðDÞ  400 mMÞ=
ðdNDPs+dNTPs+DÞ
(Equation 2)
where counts(dNDPs), counts(dNTPs), and counts(D) are added dNDPs,
added dNTPs, and DNA, respectively. In experiments with 50% GC fork, total
[dNDPs] from the two TLC were added together. Total [dNDPs] were sub-
tracted from background total [dNDPs] from a control experiment without
Mg2+, and the corrected total [dNDPs] and total [dNMPs] were plotted as a
function of reaction time (Figures 1D and 1E). The kinetics of individual
dNTP hydrolysis was determined as described in the Supplemental Experi-
mental Procedures.
Transient-State Kinetics of DNA Synthesis
The transient-state kinetics of DNA synthesis was measured using the rapid
quenched-flow instrument at 18C. The platinated intercrosslinked duplex
DNA fork was prepared following published methods (Dalbie`s et al., 1995;
Dalbie`s et al., 1994) as outlined in Supplemental Experimental Procedures.
All other DNA forks were prepared by annealing complementary oligonucleo-
tides listed in Table S1 (also see Supplemental Experimental Procedures). T7
gp4 and T7 DNA polymerase or polymerase alone was preassembled on the
replication fork (with either [g32P] or fluorescein 50-labeled Primer 24) in the
presence of dTTP in replication buffer and mixed with dATP, dCTP and
dGTP, and MgCl2 to initiate reactions. The EDTA-quenched (300 mM) reac-
tions were resolved on 24% acrylamide/7 M urea/1.5 3 TBE sequencing
gel. The kinetics were globally fit to the polymerization model using MATLAB
and mgfit (see http://gfit.sourceforge.net) to obtain the single-nucleotide
incorporation rate constants.
Exonuclease Mapping
A typical reaction contained Exo III and Exo T (1 U/ml each), 5% GC40 dsFP
DNA fork DNA (50 nM), T7 gp4 (50 nM), T7 DNA polymerase (50 nM),
dTMPPCP (100 mM), DTT (1 mM), andMgCl2 (10mM) in replication buffer incu-
bated for 2–20 min at 30C. The EDTA-quenched (300 mM) reactions were
resolved on 24% acrylamide/7 M urea/1.5 3 TBE sequencing gel.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.02.025.
AUTHOR CONTRIBUTIONS
M.P. conducted the experiments, and M.P. and S.S.P. designed the experi-
ments and wrote the manuscript.
ACKNOWLEDGMENTS
We thank the Patel Lab and Dr. Rudra Dubey for critical comments. We thank
Dr. Guo-Qing Tang for help with deriving the relationship to calculate the ki-
netics of individual nucleotide hydrolysis and Dr. Charles M Drain for critically
reading the manuscript. We thank Dr. Marc Boudvillain for providing the pro-
tocol to prepare the transplatin crosslinked DNA. This work was supported
by NIH grant GM55310 to S.S.P.CeReceived: November 26, 2013
Revised: January 10, 2014
Accepted: February 16, 2014
Published: March 13, 2014
REFERENCES
Benkovic, S.J., Valentine, A.M., and Salinas, F. (2001). Replisome-mediated
DNA replication. Annu. Rev. Biochem. 70, 181–208.
Byun, T.S., Pacek, M., Yee, M.C., Walter, J.C., and Cimprich, K.A. (2005).
Functional uncoupling of MCM helicase and DNA polymerase activities acti-
vates the ATR-dependent checkpoint. Genes Dev. 19, 1040–1052.
Cha, T.A., and Alberts, B.M. (1989). The bacteriophage T4 DNA replication
fork. Only DNA helicase is required for leading strand DNA synthesis by the
DNA polymerase holoenzyme. J. Biol. Chem. 264, 12220–12225.
Dalbie`s, R., Payet, D., and Leng, M. (1994). DNA double helix promotes a link-
age isomerization reaction in trans-diamminedichloroplatinum(II)-modified
DNA. Proc. Natl. Acad. Sci. USA 91, 8147–8151.
Dalbie`s, R., Boudvillain, M., and Leng, M. (1995). Linkage isomerization reac-
tion of intrastrand cross-links in trans-diamminedichloroplatinum(II)-modified
single-stranded oligonucleotides. Nucleic Acids Res. 23, 949–953.
Delagoutte, E., and von Hippel, P.H. (2001). Molecular mechanisms of the
functional coupling of the helicase (gp41) and polymerase (gp43) of bacterio-
phage T4 within the DNA replication fork. Biochemistry 40, 4459–4477.
Dong, F., Weitzel, S.E., and von Hippel, P.H. (1996). A coupled complex of T4
DNA replication helicase (gp41) and polymerase (gp43) can perform rapid and
processive DNA strand-displacement synthesis. Proc. Natl. Acad. Sci. USA
93, 14456–14461.
Donmez, I., and Patel, S.S. (2008). Coupling of DNA unwinding to nucleotide
hydrolysis in a ring-shaped helicase. EMBO J. 27, 1718–1726.
Donmez, I., Rajagopal, V., Jeong, Y.J., and Patel, S.S. (2007). Nucleic acid
unwinding by hepatitis C virus and bacteriophage T7 helicases is sensitive
to base pair stability. J. Biol. Chem. 282, 21116–21123.
Doublie´, S., Tabor, S., Long, A.M., Richardson, C.C., and Ellenberger, T.
(1998). Crystal structure of a bacteriophage T7 DNA replication complex at
2.2 A resolution. Nature 391, 251–258.
Enemark, E.J., and Joshua-Tor, L. (2006). Mechanism of DNA translocation in
a replicative hexameric helicase. Nature 442, 270–275.
Galletto, R., Jezewska, M.J., andBujalowski, W. (2004). Unzippingmechanism
of the double-stranded DNA unwinding by a hexameric helicase: quantitative
analysis of the rate of the dsDNA unwinding, processivity and kinetic step-size
of the Escherichia coli DnaB helicase using rapid quench-flowmethod. J. Mol.
Biol. 343, 83–99.
Hamdan, S.M., and Richardson, C.C. (2009). Motors, switches, and contacts
in the replisome. Annu. Rev. Biochem. 78, 205–243.
Hingorani, M.M., and Patel, S.S. (1996). Cooperative interactions of nucleotide
ligands are linked to oligomerization and DNA binding in bacteriophage T7
gene 4 helicases. Biochemistry 35, 2218–2228.
Indiani, C., Langston, L.D., Yurieva, O., Goodman, M.F., and O’Donnell, M.
(2009). Translesion DNA polymerases remodel the replisome and alter the
speed of the replicative helicase. Proc. Natl. Acad. Sci. USA 106, 6031–6038.
Itsathitphaisarn, O., Wing, R.A., Eliason, W.K., Wang, J., and Steitz, T.A.
(2012). The hexameric helicase DnaB adopts a nonplanar conformation during
translocation. Cell 151, 267–277.
Jeong, Y.J., Levin, M.K., and Patel, S.S. (2004). The DNA-unwinding mecha-
nism of the ring helicase of bacteriophage T7. Proc. Natl. Acad. Sci. USA
101, 7264–7269.
Johnson, D.S., Bai, L., Smith, B.Y., Patel, S.S., andWang, M.D. (2007). Single-
molecule studies reveal dynamics of DNA unwinding by the ring-shaped T7
helicase. Cell 129, 1299–1309.
Jose, D., Weitzel, S.E., and von Hippel, P.H. (2012). Breathing fluctuations in
position-specific DNA base pairs are involved in regulating helicasemovement
into the replication fork. Proc. Natl. Acad. Sci. USA 109, 14428–14433.ll Reports 6, 1129–1138, March 27, 2014 ª2014 The Authors 1137
Kang, Y.H., Galal, W.C., Farina, A., Tappin, I., and Hurwitz, J. (2012). Properties
of the human Cdc45/Mcm2-7/GINS helicase complex and its action with DNA
polymerase epsilon in rolling circle DNA synthesis. Proc. Natl. Acad. Sci. USA
109, 6042–6047.
Kashkina, E., Anikin, M., Brueckner, F., Lehmann, E., Kochetkov, S.N.,
McAllister, W.T., Cramer, P., and Temiakov, D. (2007). Multisubunit RNA poly-
merases melt only a single DNA base pair downstream of the active site.
J. Biol. Chem. 282, 21578–21582.
Kim, S., Dallmann, H.G., McHenry, C.S., and Marians, K.J. (1996). Coupling of
a replicative polymerase and helicase: a tau-DnaB interaction mediates rapid
replication fork movement. Cell 84, 643–650.
Kim, D.E., Narayan, M., and Patel, S.S. (2002). T7 DNA helicase: a molecular
motor that processively and unidirectionally translocates along single-
stranded DNA. J. Mol. Biol. 321, 807–819.
Korhonen, J.A., Pham, X.H., Pellegrini, M., and Falkenberg, M. (2004). Recon-
stitution of a minimal mtDNA replisome in vitro. EMBO J. 23, 2423–2429.
Kulczyk, A.W., Akabayov, B., Lee, S.J., Bostina, M., Berkowitz, S.A., and
Richardson, C.C. (2012). An interaction between DNA polymerase and heli-
case is essential for the high processivity of the bacteriophage T7 replisome.
J. Biol. Chem. 287, 39050–39060.
Lionnet, T., Spiering, M.M., Benkovic, S.J., Bensimon, D., and Croquette, V.
(2007). Real-time observation of bacteriophage T4 gp41 helicase reveals an
unwinding mechanism. Proc. Natl. Acad. Sci. USA 104, 19790–19795.
Liu, B., Lin, J., and Steitz, T.A. (2013). Structure of the PolIIIa-tc-DNA complex
suggests an atomic model of the replisome. Structure 21, 658–664.
Lohman, T.M., Tomko, E.J., and Wu, C.G. (2008). Non-hexameric DNA heli-
cases and translocases: mechanisms and regulation. Nat. Rev. Mol. Cell
Biol. 9, 391–401.
Manosas, M., Spiering, M.M., Ding, F., Bensimon, D., Allemand, J.F., Ben-
kovic, S.J., and Croquette, V. (2012a). Mechanism of strand displacement syn-
thesis by DNA replicative polymerases. Nucleic Acids Res. 40, 6174–6186.
Manosas, M., Spiering, M.M., Ding, F., Croquette, V., and Benkovic, S.J.
(2012b). Collaborative coupling between polymerase and helicase for lead-
ing-strand synthesis. Nucleic Acids Res. 40, 6187–6198.
Matson, S.W., and Richardson, C.C. (1983). DNA-dependent nucleoside 50-tri-
phosphatase activity of the gene 4 protein of bacteriophage T7. J. Biol. Chem.
258, 14009–14016.
Meyer, R.R., and Laine, P.S. (1990). The single-stranded DNA-binding protein
of Escherichia coli. Microbiol. Rev. 54, 342–380.
Nakai, H., and Richardson, C.C. (1988). The effect of the T7 and Escherichia
coli DNA-binding proteins at the replication fork of bacteriophage T7. J. Biol.
Chem. 263, 9831–9839.
Pandey, M., Syed, S., Donmez, I., Patel, G., Ha, T., and Patel, S.S. (2009).
Coordinating DNA replication bymeans of priming loop and differential synthe-
sis rate. Nature 462, 940–943.
Pandey, M., Levin, M.K., and Patel, S.S. (2010). Experimental and computa-
tional analysis of DNA unwinding and polymerization kinetics. Methods Mol.
Biol. 587, 57–83.
Paquet, F., Boudvillain, M., Lancelot, G., and Leng, M. (1999). NMR solution
structure of a DNA dodecamer containing a transplatin interstrand GN7-CN3
cross-link. Nucleic Acids Res. 27, 4261–4268.1138 Cell Reports 6, 1129–1138, March 27, 2014 ª2014 The AuthorsPatel, S.S., and Picha, K.M. (2000). Structure and function of hexameric heli-
cases. Annu. Rev. Biochem. 69, 651–697.
Patel, S.S., and Donmez, I. (2006). Mechanisms of helicases. J. Biol. Chem.
281, 18265–18268.
Patel, S.S., Wong, I., and Johnson, K.A. (1991). Pre-steady-state kinetic anal-
ysis of processive DNA replication including complete characterization of an
exonuclease-deficient mutant. Biochemistry 30, 511–525.
Patel, S.S., Rosenberg, A.H., Studier, F.W., and Johnson, K.A. (1992). Large
scale purification and biochemical characterization of T7 primase/helicase
proteins. Evidence for homodimer and heterodimer formation. J. Biol. Chem.
267, 15013–15021.
Patel, G., Johnson, D.S., Sun, B., Pandey, M., Yu, X., Egelman, E.H., Wang,
M.D., and Patel, S.S. (2011a). A257T linker region mutant of T7 helicase-pri-
mase protein is defective in DNA loading and rescued by T7 DNA polymerase.
J. Biol. Chem. 286, 20490–20499.
Patel, S.S., Pandey, M., and Nandakumar, D. (2011b). Dynamic coupling be-
tween the motors of DNA replication: hexameric helicase, DNA polymerase,
and primase. Curr. Opin. Chem. Biol. 15, 595–605.
Rezende, L.F., Hollis, T., Ellenberger, T., and Richardson, C.C. (2002). Essen-
tial amino acid residues in the single-stranded DNA-binding protein of
bacteriophage T7. Identification of the dimer interface. J. Biol. Chem. 277,
50643–50653.
Ribeck, N., Kaplan, D.L., Bruck, I., and Saleh, O.A. (2010). DnaB helicase
activity is modulated by DNA geometry and force. Biophys. J. 99, 2170–2179.
Soengas, M.S., Gutie´rrez, C., and Salas, M. (1995). Helix-destabilizing activity
of phi 29 single-stranded DNA binding protein: effect on the elongation rate
during strand displacement DNA replication. J. Mol. Biol. 253, 517–529.
Stano, N.M., Jeong, Y.J., Donmez, I., Tummalapalli, P., Levin, M.K., and Patel,
S.S. (2005). DNA synthesis provides the driving force to accelerate DNA
unwinding by a helicase. Nature 435, 370–373.
Sun, B., Johnson, D.S., Patel, G., Smith, B.Y., Pandey, M., Patel, S.S., and
Wang, M.D. (2011). ATP-induced helicase slippage reveals highly coordinated
subunits. Nature 478, 132–135.
Syed, S., Pandey, M., Patel, S.S., and Ha, T. (2014). Single molecule fluores-
cence reveals the unwinding stepping mechanism of replicative helicase.
Cell Rep. 6. Published online March 13, 2014. http://dx.doi.org/10.1016/j.
celrep.2014.02.022.
Thomsen, N.D., and Berger, J.M. (2009). Running in reverse: the structural
basis for translocation polarity in hexameric helicases. Cell 139, 523–534.
Yin, Y.W., and Steitz, T.A. (2002). Structural basis for the transition from initia-
tion to elongation transcription in T7 RNA polymerase. Science 298, 1387–
1395.
Yin, Y.W., and Steitz, T.A. (2004). The structural mechanism of translocation
and helicase activity in T7 RNA polymerase. Cell 116, 393–404.
Yuan, Q., andMcHenry, C.S. (2009). Strand displacement by DNA polymerase
III occurs through a tau-psi-chi link to single-stranded DNA-binding protein
coating the lagging strand template. J. Biol. Chem. 284, 31672–31679.
Zhang, H., Lee, S.J., Zhu, B., Tran, N.Q., Tabor, S., and Richardson, C.C.
(2011). Helicase-DNA polymerase interaction is critical to initiate leading-
strand DNA synthesis. Proc. Natl. Acad. Sci. USA 108, 9372–9377.
